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Abstract We investigated the impact of copepods on the
seston community in a mesocosm set-up, and assessed
how the changes in food quantity, quality and size af-
fected the condition of the grazers, by measuring the
RNA:DNA ratios in diﬀerent developmental stages of
Calanus ﬁnmarchicus. Manipulated copepod densities
did not aﬀect the particulate carbon concentration in the
mesocosms. On the other hand, chlorophyll a content
increased with higher copepod densities, and increasing
densities had a positive eﬀect on seston food quality in
the mesocosms, measured as C:N ratios and x3:x6 fatty
acid ratios. These food quality indicators were signiﬁ-
cantly correlated to the nutritional status of C. ﬁnmar-
chicus. In contrast to our expectations, these results
suggest a lower copepod growth potential on higher
quality food. However, in concordance with earlier
studies, we found that when copepods were in high
densities the large particles (>1000 lm3) decreased and
that the smaller particles (<1000 lm3) increased in
number. These patterns were closely linked to the con-
dition of C. ﬁnmarchicus, which were of better condition
(RNA:DNA ratios) with increasing biovolumes of large
particles, and, conversely, lower RNA:DNA ratios with
increasing biovolumes of smaller particles. Consequen-
tially, the selective grazing by copepods stimulated in-
creased biovolumes of smaller plankton, and this
increase was responsible for the increased food quality,
in terms of C:N and x3:x6 ratios. Thus, we conclude
that the decreasing growth potentials of C. ﬁnmarchicus
were a result of a decrease of favourably sized food
particles, induced by copepod grazing.
Introduction
Zooplankton production can be constrained by many
factors, and food quantity is one of these factors.
However, many studies have found retarded develop-
mental rates even on high food concentrations, sug-
gesting limitation by food quality rather than food
quantity (e.g. Kleppel and Burkart 1995; Villar-Argaiz
and Sterner 2002). Several characteristics of the food can
aﬀect quality and thus induce changes in zooplankton
development. Toxicity of various species of phyto-
plankton can have a great impact on the copepod
community (Turner et al. 1998; Frangoulos et al. 2000;
Schmidt et al. 2002). Several diatoms have proven to
have negative impacts on copepod fecundity and egg
viability (reviewed in Paﬀenho¨fer 2002; Ianora et al.
2003). The exact causes of these negative impacts are still
under discussion, both toxicity as well as nutritional
deﬁciency have been invoked. Other constraints on
copepod development can be caused by the size and
morphology, as well as by the mineral and biochemical
composition of the food (Kleppel and Burkart 1995;
Villar-Argaiz and Sterner 2002). The content of various
fatty acids and, more speciﬁcally, the ratio between two
classes (x3 and x6 fatty acids) have been shown to
correlate closely with egg production in a number of
copepod species (Jo´nasdo´ttir 1994; Jo´nasdo´ttir et al.
1995), whereas low-nitrogen foods have a negative im-
pact on copepod growth and reproduction (Kiørboe
1989).
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Calanoid copepods generally have a preference for
larger particles; they do not feed on protists <5-lm in
the laboratory and preferably graze on food particles
>10-lm. This behaviour has been identiﬁed for fresh-
water copepods (Rothhaupt 1997; Sommer et al. 2001)
as well as for marine copepods (Frost 1972, 1977). As a
result, in copepod-dominated ecosystems, larger parti-
cles are strongly grazed, while mostly small particles
prevail (Rothhaupt 1997; U. Sommer et al. 2001, 2003).
This pattern is most likely a combination of grazing
pressure and the longer generation times for larger
phytoplankton cells. Alternatively, the increase of
smaller particles could be a consequence of copepods
breaking larger particles into smaller ones (O’Connors
et al. 1976). Copepods do not only select their food
according to size, but can also distinguish between
similar sized particles of diﬀerent nutritional quality and
mobility (Paﬀenho¨fer and Van Sant 1985; Cowles et al.
1988). Moreover, zooplankton grazing can impact the
plankton nutrient stoichiometry, resulting in increased
C:N or C:P ratios (Sterner and Hessen 1994; Rothhaupt
1997), which can cause a decrease in food quality.
Hence, copepods can impose large impacts on the
composition of the plankton community. Active food
selection induces a higher grazing pressure on the ‘‘bet-
ter’’ food particles and the proportion of these decreases.
Hence, increasing copepod densities result in increased
food competition and should be reﬂected in slower
copepod development.
Copepod growth or nutritional status can be deter-
mined by several methods. Egg production is a common
technique in both laboratory and ﬁeld studies (e.g.
Jo´nasdo´ttir et al. 1995; Kleppel and Burkart 1995). This
trait can serve as a good indicator of current nutritional
status of wild caught copepods by studying the egg
production over a short period of time (24 h). How-
ever, this is not an eﬀective method when copepod
reproduction is low. Another method is to study the
eﬀects of various treatments on life-history traits (e.g.
Twombly et al. 1998; Villar-Argaiz et al. 2002). This
procedure is time consuming and can last for weeks, thus
making it unsuitable to test for food quality eﬀects
ﬂuctuating over short time periods. A third possibility is
through measurements of ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA). The ratio of the two
(RNA:DNA) and the RNA content alone have proven
to be a useful tool in determination of nutritional status
of various zooplankton organisms (e.g. Ba˚mstedt and
Skjoldal 1980; Ba˚mstedt 1983; Saiz et al. 1998; Wagner
et al. 1998; Vrede et al. 2002) and ﬁsh larvae and juve-
niles (Clemmesen 1993, 1994, 1996; Clemmesen et al.
2003). Typically, an increased RNA:DNA ratio indi-
cates a higher growth potential. Food quality changes
can induce a RNA:DNA response in freshwater daph-
niids within 5 h (Vrede et al. 2002). For copepods, this
response is probably slower, due to lower growth rates
and longer generation times of copepods. In marine ﬁeld
studies, signiﬁcant correlations between chlorophyll a
concentrations (indicator of food), copepod egg pro-
duction and the copepod RNA:DNA ratios have been
described (Nakata 1990; Nakata et al. 1994; Laabir et al.
1998; Saiz et al. 1998). In laboratory studies C. ﬁnmar-
chicus RNA:DNA ratios are good indicators of food
availability (Wagner et al. 1998, 2001).
When investigating the impacts of diﬀerent feeding
conditions on the plankton community in a close-to-
natural environment, mesocosms are the method of
choice. With this set-up one can alter speciﬁc environ-
mental conditions (e.g. nutrient additions) on a large-
scale community, under otherwise ‘‘natural’’ conditions.
Thus, studies in mesocosms combine beneﬁts of ﬁeld and
laboratory studies.
In a mesocosm study we investigated the impact of
manipulating the density of copepods on the phyto-
plankton community. Moreover, we determined how
these changes aﬀected the copepod nutritional status by
monitoring the copepod RNA:DNA ratios. We selected
a predominant copepod species in northern ecosystems,
C. ﬁnmarchicus, which is an important prey for several
commercially important ﬁsh species in the northern
Atlantic. Hence, the biology of C. ﬁnmarchicus has been
of considerable scientiﬁc interest (e.g. Hirche 1996;
Richardson et al. 1999; Kaartvedt 2000).
Materials and methods
This study was performed as a part of a larger project
aimed at determining the impact of diﬀerent zooplank-
ton organisms on freshwater, brackish and marine food
webs. The eﬀects have been studied on various levels
from bacteria to zooplankton (see F. Sommer et al.
2003; U. Sommer et al. 2001, 2003; Zo¨llner et al. 2003;
Becker et al. 2004). In this paper we focus on interac-
tions between the phytoplankton community and the
nutritional status of the zooplankton.
Mesocosms
Two mesocosm experiments were conducted at Trond-
heim Marine Systems Research Infrastructure in Ho-
pava˚gen, Sletvik, Norway, during April and May 2002.
The ﬁrst experiment was performed between 20 and 26
April and the second between 2 and 8 May. In both
experiments ten transparent polyethylene mesocosms
were installed (2.0 m long; 1.7 m3) and ﬁlled with the
natural plankton community by lowering the bags down
to about 3 m depth and pulling them to the surface, for
more information on the general set-up see Sommer et al.
(2001). We reduced the mesozooplankton in the meso-
cosms with repeated hauls with 250- and 150-lm
plankton nets. Afterwards the mesocosms were enriched
with a logarithmic density gradient of wild caught zoo-
plankton. These were captured with a relatively large
meshed plankton net (500-lm), which in both experi-
ments enabled us to create a grazing community of
‘‘larger’’ zooplankton, consisting ofCalanus ﬁnmarchicus
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(70–80%) (copepodite stages 3–5), Centropages hamatus
and C. typicus (together 3–11%) and Oithona sp.
(6–10%) and a few Acartia sp., Temora longicornis and
Pseudocalanus elongatus as described by Saage (2003).
From this mixture, inoculates were taken in order to
establish a density gradient for experiment 1 with: 0
(control), 0.3, 0.9, 2.7 and 8.1 copepods l1 and for
experiment 2 with: 0 (control), 1.3, 2.5, 5 and 10 indi-
vidual copepods l1. The mean copepod density directly
outside the mesocosms in the fjord was 2.25
(±2.6 SD) copepods l1 during both experiments. On
the other hand, in a depth proﬁle down to 15 m the
densities increased with depth and over the whole water
body averaged around 12 copepods l1 (from Saage
2003). The mesocosms were monitored for phytoplank-
ton and zooplankton density and composition at day 0
(start), day 3 and day 6. After sampling on day 6, the
experiments were terminated. Before sampling, all mes-
ocosms were mixed with a Secchi-disk, in order to avoid
sampling errors due to aggregations or sedimentation.
The mean water temperature in both experiments was
8.3C, and the salinity diﬀered slightly between experi-
ment 1 (31.7 psu) and experiment 2 (33.1 psu). At each
sampling, 10-l of water was collected, from which several
plankton parameters were monitored: (1) composition of
phytoplankton, ciliates and heterotrophic nano-ﬂagel-
lates, (2) mineral composition of particulate matter
(C:N:P) and (3) fatty acid (FA) composition. Parallel to
the sampling the chlorophyll a content was measured at
1 m depth with a ‘‘bbe FluoroProbe’’ (Beutler et al.
2002). Zooplankton samples were taken with a vertical
tow through the entire water column of the mesocosm
with a 55 lm plankton net. The samples were ﬁxed in
formaldehyde, and identiﬁed and counted under a dis-
secting stereomicroscope. In order to investigate the
nutritional status of the copepods we focused on the
dominant copepod C. ﬁnmarchicus and used RNA:DNA
ratios as a proxy for nutritional condition. These animals
were sampled at the same time and with the same tech-
nique as the zooplankton described above. The captured
zooplankton from each mesocosm was concentrated in a
200-ml bottle and kept dark and cooled on ice before
sorting into C. ﬁnmarchicus copepodite stages. The
sampling process and the succeeding identiﬁcation took
about 4 h. All individuals were stored solitary in
Eppendorf tubes at 18C, transported on dry ice to the
home institutes and then stored at 74C until further
analysis.
Laboratory study
Parallel to the ﬁrst mesocosm ﬁeld experiment, we per-
formed a laboratory experiment to investigate how dif-
ferences in food quantity and quality aﬀect nutritional
conditions for C. ﬁnmarchicus. The primary goal with
the laboratory experiment was to investigate if the
nutritional condition of C. ﬁnmarchicus followed the
expected pattern of changes in food quality and quantity
(e.g. by being higher under good feeding conditions and
lower in starving situations). Another important objec-
tive of the laboratory experiment was to establish which
copepodite stages should be focused upon in the meso-
cosm studies, as the responsiveness of copepod
RNA:DNA ratios is strongly stage dependent (Wagner
et al. 1998, 2001). We had ﬁve food treatments, in three
of these we used water from the mesocosms that was
manipulated by diﬀerent densities of copepods: low-cop,
medium-cop and high-cop (corresponds to: 0, 0.3 and
8.1 copepods l1, respectively). The other two treat-
ments were manipulated artiﬁcially in order to induce
two extreme treatments used in copepod growth com-
parisons. These conditions were obtained by sterile ﬁl-
tering (0.2-lm) water from Hopava˚gen, which we used
for the starvation treatment. For the other extreme
treatment we added about 1 mg C l1 of a mixture of
Rhodomonas sp./Tetraselmis sp. (Rho/Tet) to the ﬁltered
water. The algae were obtained from stock cultures of
Trondheim Marine Systems Research Infrastructure,
Norway. We started the laboratory experiment on day 3
of the ﬁrst mesocosm experiment and continued for ﬁve
more days. Since the ﬁrst mesocosm experiment was
terminated after 6 days and replaced by new bags after
7 days, we stored food suspensions collected on day 7
for use in the laboratory experiment at 8C in darkness
for 24 h. At the start of the laboratory experiment we
captured copepods from the natural environment as
above, and these animals were concentrated in a beaker.
From this we added aliquots corresponding to 15 indi-
viduals of mixed stages of C. ﬁnmarchicus per replicate.
The animals were cultivated in 1.5-l PET plastic bottles,
which were stored in a tank with continuous ﬂow of
fjord water, with the same temperature as in the fjord
(8.3C). The diﬀerent food suspensions were changed
daily by gently siphoning the water through a small tube
covered with 100-lm gauze to avoid loss of animals.
Around 200-ml of the ‘‘old’’ suspension remained,
before the bottles were gently reﬁlled with fresh food
suspensions. After 5 days, the experiment was termi-
nated and the animals were sampled for RNA:DNA
analysis as above.
Analyses
The phytoplankton species composition in the meso-
cosms was monitored using an inverted microscope,
with identiﬁcation of most organisms to genus level. In
order to investigate the eﬀects of the total plankton size
distribution on the nutritional status of the copepods
(RNA:DNA), we combined the phytoplankton data
with the measurements of ciliates and heterotrophic
nanoﬂagellates. The total biovolumes were calculated as
sum parameters for all particles with a mean cell volume
smaller and larger than 1000 lm3.
The particulate fraction of the seston was analysed
for nutrient (C:N:P) and fatty acid composition. For
seston nutrient analyses, 0.3–1.0-l water was pre-ﬁltered
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over a 100-lm gauze before being collected on pre-
combusted, and, for phosphorus, acid washed, GF/F
glass ﬁbre microﬁlters and dried overnight at 60C.
Total nitrogen and carbon were measured using a FI-
SONS NA2000 elemental analyser. Total phosphorus
was determined by an ammonium-molybdate method by
measurements on a spectrometer at 720-nm. The fatty
acid spectra were also established for the seston in the
mesocosms. We pre-ﬁltered 2–5-l over 250-lm gauze,
before ﬁltering on a GF/C ﬁlter that was subsequently
stored under N2 gas at 18C until further processing.
Fatty acids were extracted, esteriﬁed and analysed on a
gas chromatograph (GC) according to Wiltshire et al.
(2000), with the GC temperature settings of von Elert
(2002). To quantify the fatty acid content we used
internal standards of heptadecanoic and tricosanoic
fatty acid methyl esters.
The nutritional status of C. ﬁnmarchicus was deter-
mined with RNA:DNA measurements, and quantiﬁed
ﬂuorimetrically with ethidium bromide and ribonucle-
ase A using a modiﬁcation of the method of Clemmesen
(1993). The response of the RNA:DNA ratios to chan-
ges in food availability and quality are dependent on the
developmental stages of the copepods (Wagner et al.
1998, 2001). Hence, to get a good estimate of the
nutritional status of C. ﬁnmarchicus, each copepodite
stage was identiﬁed. To get a distinct RNA:DNA signal
four to ﬁve individuals of the same copepodite stage
were pooled for each measurement. A variability test
was performed in order to deﬁne the variability between
aliquots of one homogenate. This test should be used as
an indicator of whether the method by Clemmesen
(1993) was applicable to copepodite stages. In this test
we measured 15 parallel aliquots from the same
homogenate using a pooled sample of mixed stages of
C. ﬁnmarchicus copepodites.
Results
Variability test
We found little variation when we measured the aliquots
of the same homogenate of Calanus ﬁnmarchicus co-
pepodites, indicating good reproducibility of the method
applied. The coeﬃcient of variation was <4.4%
(RNA:DNA) (Table 1).
Laboratory study
In the laboratory study conducted over 5 days, we
recorded diﬀerences in RNA:DNA ratios between
copepodite stage (two-way ANOVA; stage, P<0.001)
and the interaction between copepodite stage and the
treatments (two-way ANOVA; stage·treatment,
P<0.001); the treatments alone did not induce sig-
niﬁcant diﬀerences upon RNA:DNA ratios (two-way
ANOVA; treatment, P=0.20) (Fig. 1). In a separate
analysis of the diﬀerent stages we found that the
RNA:DNA ratios of C. ﬁnmarchicus copepodite stage 4
(C4) reﬂected the diﬀerent food treatments (ANOVA;
P=0.015). The RNA:DNA ratios for C4 followed more
or less an expected pattern: the copepods that were
starved or oﬀered the high-cop treatment (high copepod
manipulation) had low ratios compared to the richer
food treatments (Rho/Tet and medium-cop). However,
the RNA:DNA ratio of C4s in the low-cop treatment
(not manipulated by copepod grazers) closely resembled
the starved and the high-cop treatments. In contrast to
C4, C. ﬁnmarchicus copepodite stage 5 (C5) was not
signiﬁcantly aﬀected by the diﬀerent treatments (ANO-
VA; P=0.16) (Fig. 1).
Mesocosms
We found that diﬀerent food quantity indicators showed
diﬀerent patterns. Chlorophyll a from the ﬁrst meso-
cosm experiment suggested higher food abundance with
increasing copepod density. The same pattern was also
found in the second experiment, but was measured with
another technique (HPLC) (Feuchtmayr, unpublished)
and therefore cannot directly be compared. On the other
Table 1 Calanus ﬁnmarchicus. Mean DNA and RNA contents and
RNA:DNA ratios from 15 parallel determinations of the same
homogenate of pooled copepodites (±SD in parentheses) (CV
coeﬃcient of variability)
Parameters DNA contents (lg) RNA contents (lg) RNA:DNA
Conc. 2.40 (0.06) 5.57 (0.21) 2.32 (0.10)
CV (%) 2.7 3.7 4.4
Fig. 1 Calanus ﬁnmarchicus. RNA:DNA ratios for C4 and C5
copepodites cultivated in the laboratory for 5 days. Mean and
standard error of three measurements are given [treatments are:
Rho/Tet enriched with Rhodomonas sp./Tetraselmis sp.; starved
particle-free water; low-cop water from control mesocosms (without
meso-zooplankton); medium-cop manipulated by low densities of
copepod grazers; high-cop manipulated by high densities of
copepods]. Identical letters identify non-signiﬁcant diﬀerences for
the C4 (Duncan’s multiple range test)
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hand, the particulate carbon (C) content from both
experiments showed a downward trend, but was not
signiﬁcantly aﬀected by higher numbers of copepods
(Fig. 2). At the same time, x3:x6 and C:N molar ratios
both indicated increasing food quality with increasing
copepod densities (Fig. 3). These parameters are usually
used as indicators of food quality, whereby lower C:N
ratios and higher x3:x6 ratios indicate higher food
quality.
In the mesocosms we aimed to produce a density
gradient of copepods from 0–8 (expt 1) and 0–10 (expt
2) copepods l1. In the ﬁrst mesocosm experiment this
was achieved; however, in the second experiment the
gradient covered a smaller density range (Table 2) (from
Saage 2003). Nevertheless, the gradients in both trials
were strong enough to induce diﬀerences in the grazing
zooplankton community. Based on the results presented
above, with increasing chlorophyll a content (as a
measure of living algae), and increasing quality param-
eters over the range of copepod densities, one would
expect that the condition of the copepods in the enclo-
sures would correlate positively with the copepod den-
sities. However, we observed the opposite pattern, a
negative correlation between the RNA:DNA ratio of the
animals with copepod density after 6 days. The
RNA:DNA ratios decreased over the experiments
(Fig. 4). Initially, at the start of the experiment, the
RNA:DNA ratios were relatively high, and we recorded
ratios of approximately 4.7 for both mesocosm experi-
ments. At the ﬁrst sampling, after 3 days of grazing, the
RNA:DNA ratios were still relatively high and there was
no apparent negative eﬀect of the diﬀerent densities. In
fact, we even found a positive relationship between
RNA:DNA and copepod density (C3–C5 grouped) in
the ﬁrst experiment on day 3 (Fig. 4). In the second
experiment, after 3 days, there was no signiﬁcant
relationship between copepod density and RNA:DNA
ratios (r2=0.07, P=0.19). After 6 days of grazing,
Fig. 2 Diﬀerent indicators used for food quantity estimations, in
relation to copepod densities from day 6 in the mesocosms. For
chlorophyll a only the ﬁrst mesocosm experiment is presented,
while for particulate C both mesocosm experiments are presented.
Each data point represents one mesocosm (regression equations
are: chlorophyll a, n=7, y=0.24x0.16, r2=0.91, P<0.001;
particulate C, n=15, y=9.87+358, r2=0.17, P=0.12)
Fig. 3 Mean copepod densities against food quality parameters
(x3:x6 ratio and C:N molar ratio) from two mesocosm experi-
ments after 6 days of grazing. Each data point represents one
mesocosm (regression equations are: x3:x6, n=13,
y=0.29x+3.50, r2=0.40, P=0.019; C:N molar, n=14,
y=0.23x+7.9, r2=0.44, P=0.0091)
Table 2 Actual copepod density in the mesocosms (n number of
observations), mean RNA:DNA ratios (±SD in parentheses) for
copepodite stage 4 from day 6 of two consecutive mesocosm
experiments
Experiment 1 Experiment 2
Copepods
(ind. l1)
n RNA:DNA Copepods
(ind. l1)
n RNA:DNA
2.06 2 2.89 (0.17) 1.34 3 3.19 (0.21)
1.98 1 2.49 (0.00) 1.54 3 2.71 (0.06)
4.74 2 2.27 (0.23) 2.64 3 2.64 (0.17)
8.81 2 1.26 (0.37) 3.91 4 2.26 (0.29)
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however, the C. ﬁnmarchicus RNA:DNA ratios de-
creased with increasing copepod density in both meso-
cosm studies (Fig. 4). Between the two mesocosm
experiments, the copepodite stage distribution diﬀered
slightly, with mostly C3 and C4 in the ﬁrst experiment
and mainly C4 and C5 in the second experiment. Hence,
only the C4 copepodite stage was abundant during both
experiments, and available to test for diﬀerences in
RNA:DNA ratios against diﬀerent food parameters,
parallel over both mesocosm studies. Fortunately, this
particular stage also seemed to be the most sensitive
copepodite stage to food changes (Fig. 1). Hence, we
found that C. ﬁnmarchicus’ nutritional status was neg-
atively linked to increasing concentrations of chloro-
phyll a, while the carbon content did not impose a
signiﬁcant eﬀect on the C. ﬁnmarchicus RNA:DNA ra-
tios (Table 3). The C. ﬁnmarchicus nutritional condition
on day 6 was signiﬁcantly correlated to the x3:x6 and
C:N molar ratios (Table 3), but surprisingly the direc-
tion of the correlation was such that the RNA:DNA
ratio of the animals decreased with increasing food
quality.
Therefore, we investigated alternative food quality
factors that could explain the patterns described above.
After 6 days of copepod grazing in both mesocosm
experiments, distinct changes in size distribution of the
plankton were found. Increasing copepod densities had
an impact on the total biovolumes in the mesocosms
(Fig. 5). However, this decrease was mostly due to high
biovolumes in a few low copepod density mesocosms,
and otherwise the total biovolumes did not show a
strong eﬀect with the increasing copepod densities
(Fig. 5). On the other hand, analysis of size fractions of
the plankton makes the eﬀects of copepod grazing more
apparent. With increasing copepod densities the biovo-
lumes of larger cells (>1000 lm3) decreased sharply,
while smaller plankton particles increased (<1000 lm3)
(Fig. 5). Moreover, the RNA:DNA ratios of C. ﬁnm-
Fig. 4 Calanus ﬁnmarchicus.
RNA:DNA ratios and mean
copepod density, after 3 and
6 days of grazing, in two
consecutive mesocosm trials.
The line through the data
points represents the signiﬁcant
linear regressions for all C3–C5
copepodites grouped . The
dashed horizontal lines denote
the RNA:DNA ratio of C4
after 5 days of starvation from
Fig. 1 (signiﬁcant regressions
are: expt 1/day 3, n=22,
y=0.15x+2.63, r2=0.18,
P=0.047; expt 1/day 6, n=18,
y=0.13x+3.11, r2=0.44,
P=0.003; expt 2/day 6, n=29,
y=0.20x+3.12, r2=0.31,
P=0.002)
Table 3 Calanus ﬁnmarchicus. Linear and non-linear regressions
between seston food quantity/quality parameters and copepodite
stage 4 RNA:DNA ratios after 6 days of grazing from two
consecutive mesocosm studies. The food parameters are: particu-
late carbon, total biovolume given as the sum of plankton particles
smaller and larger than 1000 lm3, plankton particles smaller and
larger than 1000 lm3, seston C:N and x3:x 6 ratios. The linear
regression equation is y=a x+b, and the non-linear equation for
>1000 lm3 is y=a xb
Parameters n a b r2 P
Particulate C 20 3.75·103 1.24 0.15 0.09
Chlorophyll a 7 0.75 2.95 0.75 0.0125
Total biovol. 20 2.05·106 0.19 0.32 0.0103
>1000 lm3 20 0.87 0.087 0.79 <0.001
<1000 lm3 20 1.32·106 3.22 0.52 <0.001
C:N 19 0.39 0.37 0.35 0.0085
x3:x6 17 0.26 3.56 0.28 0.0277
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archicus were closely related to biovolumes of the two
size fractions of the plankton (Fig. 6). Where the
increasing biovolumes of larger particles positively af-
fected the C. ﬁnmarchicus RNA:DNA ratios (Fig. 6;
Table 3), the increasing biovolumes of smaller particles
had a negative impact on the C. ﬁnmarchicus RNA:D-
NA ratios (Fig. 6; Table 3).
We investigated if the induced size distribution of the
plankton aﬀected the plankton food quality. Hence, we
tested whether the C:N and the x3:x6 ratios were cor-
related with the plankton size fractions (smaller and
larger than 1000 lm3). We found that with increasing
biovolumes of smaller plankton particles (mostly con-
sisting of Teleaulax sp., Skeletonema sp. and nanoﬂa-
gellates) the food quality increased (Fig. 7). On the other
hand, we found no relationship between C:N and x3:x6
ratios and the changes in the biovolume of the larger
fraction (C:N, r2=0.14, P=0.11 and x3:x6, r2=0.09,
P=0.70). Moreover, in a backward stepwise multiple
linear regression including common food quality
parameters, the biovolumes of smaller particles
(<1000 lm3) exhibited the only signiﬁcant regression,
explaining 52% of the variation in C. ﬁnmarchicus
RNA:DNA ratios.
Discussion
We investigated the impact of copepods on the plankton
community and also the resulting eﬀects on the copepod
Fig. 5 Biovolumes of
phytoplankton and
microplankton, in relation to
mean copepod densities in the
mesocosms. Biovolumes are the
total and the summarised
fraction of smaller and larger
than 1000 lm3 in the
mesocosms. Each data point
represents one mesocosm on
day 6 for both consecutive
experiments (regression
equations are: total biovolume,
n=15; y=2.05·106e0.20x,
r2=0.32, P<0.0103;
<1000 lm3, n=15,
y=2.11·105+9.06·104,
r2=0.60, P<0.001;
>1000 lm3, n=15,
y=4.89·106e0.88x,
r2=0.83, P<0.001)
Fig. 6 Calanus ﬁnmarchicus.
RNA:DNA ratios (C4) and the
biovolumes of phytoplankton,
ciliates and heterotrophic
nanoﬂagellates, grouped as
biovolumes consisting of
factions larger and smaller than
1000 lm3 after 6 days for two
consecutive experiments. Each
data point represents one
replicate sample, from each
mesocosm. The dashed
horizontal lines denote the
RNA:DNA ratio of C4 after
5 days of starvation from
Fig. 1. For regression equations
see Table 3
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grazer. The nutritional status of copepods can be as-
sessed through various methods (e.g. egg production,
life-history studies, or RNA:DNA measurements). Our
studies were performed in spring, when copepod repro-
duction was low. In fact, we only caught a few adult
Calanus ﬁnmarchicus, which made an egg production
study infeasible. Moreover, in the mesocosms, the
plankton showed a rapid response to the gradient in
copepod density, which made a long-term, life-history
study futile. Hence, the only workable determinant of
nutritional status of C. ﬁnmarchicus was the measure-
ment of RNA:DNA, which has developed into a useful
tool for copepods both in ﬁeld and laboratory studies
(e.g. Saiz et al. 1998; Wagner et al. 1998, 2001). Further,
the small methodological variation in the variability test
indicated that our experimental protocol, modiﬁed from
Clemmesen (1993), also was applicable to measure
growth potential for C. ﬁnmarchicus copepodite stages
(Table 1).
Laboratory study
In our laboratory experiment, we found that C. ﬁnm-
archicus copepodite stages responded diﬀerently to the
diﬀerent food treatments. Copepodite stage 4 was most
aﬀected by the diﬀerent food treatments (Fig. 1). The
RNA:DNA ratio of the C4 followed, more or less, the
expected pattern: the highest ratios were found in the
enriched Rho/Tet and the medium-cop treatments. The
starved animals had the lowest ratios, and the low-cop
and high-cop treatments were only slightly higher
(Fig. 1). On the other hand, copepodite stage 5 did not
respond signiﬁcantly to the diﬀerent food treatments
(Fig. 1). Previous studies have described increasing
RNA:DNA ratios and food density relationships with
increasing copepodite stages of C. ﬁnmarchicus (Wagner
et al. 1998, 2001). In these studies, the pattern was
consistent at several food concentrations, but was less
pronounced at the lower food concentrations. Never-
theless, in our study this pattern was not found, instead
C5 had the same or even slightly lower ratios compared
to C4 (Fig. 1). These diﬀerences are diﬃcult to explain;
however, since C4 clearly responded to the various
treatments, we conclude that food was not limiting in
any treatment. On the other hand, the random varia-
tions in RNA:DNA ratios for C5 could potentially be
explained by diﬀerences in body size. C5 is larger than
C4, and thus may respond more slowly to food quality
changes. Yet another explanation could be that, for C.
ﬁnmarchicus, C5 is the main overwintering stage and
during this stage the storage of wax esters increases. This
transition occurs in spring, and during this phase the
copepodites have an arrested development (reviewed in
Hirche 1996). Potentially the C5s had already reached
the preparatory stage preceding the overwintering rest-
ing stage. On the Norwegian coast this phase is normally
initiated in May–June (e.g. Marker et al. 2003), which is
about 1 month later than the time period of our study.
However, the temperatures in April and May 2002 ex-
ceeded the monthly mean temperatures by around 4C
compared to other years, which might have moved the
accumulation process forward in time, and thus we
would expect no food eﬀect on RNA:DNA ratios.
Mesocosms
The food quantity, estimated as particulate carbon, was
not correlated to the copepod densities or to the
C. ﬁnmarchicus RNA:DNA ratios. Hence, the grazing
copepods were not limited in terms of particulate C
(Fig. 2; Table 3). Another food abundance indicator,
the chlorophyll a content, was even positively aﬀected by
higher copepod grazing (Fig. 2), suggesting that cope-
pod grazing in fact stimulated food abundance. On the
other hand, the RNA:DNA ratios of C. ﬁnmarchicus did
not reﬂect an increased food abundance. On the con-
trary, we found decreasing RNA:DNA ratios with this
apparent food quantity increase (Table 3). Common
food quality indicators, C:N and x3:x6 ratios, showed
an increasing food quality with higher copepod densities
(Fig. 3). These food quality parameters were correlated
to the nutritional condition of C. ﬁnmarchicus (Table 3).
However, the regressions were contrary to our a priori
Fig. 7 The relation between the C:N molar ratio and the x3:x6
ratio and the biovolumes of phytoplankton smaller than 1000 lm3
(regression equations are: x3:x6, n=13, y=2.76·106x+3.43,
r2=0.40, P=0.021; C:N molar, n=14, y=2.03·106x+7.93,
r2=0.41, P=0.014
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expectations, suggesting that the copepods had a lower
nutritional status when these two food quality parame-
ters indicated a higher quality (Table 3). This contrasts
with results of earlier studies, in which egg production
was positively correlated to increasing x3:x6 ratios of
the plankton (e.g. Jo´nasdo´ttir et al. 1995).
During the course of the experiments, we found that,
at all copepod densities, over time the RNA:DNA ratios
decreased (Fig. 4). However, the copepod densities did
not have a negative impact on the RNA:DNA ratios of
C. ﬁnmarchicus until after 6 days of grazing (Fig. 4). In
contrast to our laboratory experiment, this decrease
appeared to be similar over all copepodite stages. Nev-
ertheless, the RNA:DNA ratios were not elevated with
increasing copepodite stages, which was consistent with
the results from the laboratory experiment.
Copepod grazing had a strong impact on the plank-
ton size distribution in mesocosms (Fig. 5). Low cope-
pod densities grazed the larger plankton particles down,
and the contrary was found for the smaller plankton
that increased. In fact the larger plankton were almost
completely removed in the higher copepod densities
(Fig. 5). We observed the same eﬀect in both mesocosm
studies, even though the mean copepod density was
lower than intended in the second trial (Table 2). This
was consistent with previous studies that described
similar eﬀects in ecosystems dominated by copepods
(Rothhaupt 1997; Sommer et al. 2001). The decrease of
larger particles is explained by the size selective grazing
pressure that copepods induce on the plankton com-
munity (Frost 1972). The selective feeding of copepods is
sensitive, and they can even distinguish between particles
of diﬀerent taste and nutritional composition (Pa-
ﬀenho¨fer and Van Sant 1985; DeMott 1986; Cowles
et al. 1988; Butler et al. 1989). Hence, when copepods
are the main dominating grazer they induce speciﬁc
grazing pressures that inﬂuence the composition of the
plankton community (Fig. 5). The consequential in-
crease of smaller particles can be explained in several
ways: during copepod grazing the copepods break larger
particles (mostly chains) into smaller ones (O’Connors
et al. 1976), or the copepods remove the larger particles,
which would leave more nutrients available for the
smaller particles to utilize. It should be noted that
smaller cells are more eﬀective in taking up nutrients, as
such cells have shorter generation times and larger sur-
face to volume ratios. Another potential explanation is
that the increased predation pressure of the copepods on
the micro-zooplankton decreases the grazing pressure on
the smaller particles (Zo¨llner et al. 2003).
When food quantity was classiﬁed in regard to
favourable particle sizes, there was a clear pattern in
C. ﬁnmarchicus RNA:DNA status. With increasing
biovolumes of larger particles (>1000 lm3) C. ﬁnmar-
chicus RNA:DNA ratios were elevated (Fig. 6; Table 3).
On the contrary, when the biovolumes of the smaller
particles (<1000 lm3) increased, the RNA:DNA ratios
decreased (Fig. 6; Table 3). This can be interpreted in
two ways: either, the decrease of larger particles was the
limiting factor and the C. ﬁnmarchicus could not ﬁnd
enough suitable food particles (Fig. 6), or the increasing
volumes of smaller particles impeded foraging on the
less abundant larger particles (Fig. 6). The increase in
food quality in the mesocosm was closely related to the
increase of smaller plankton particles (<1000 lm3)
(Fig. 7). The increased food quality can be linked to the
increases in small diatoms, cryptophyceans and nano-
ﬂagellates, whereby at least the diatoms and crypto-
phyceans are rich in various x3 fatty acids (Olsen 1999).
Moreover, the increases in the small plankton particles
are also consistent with the increase in chlorophyll a
content. This shows that when copepods are numerically
dominant, the chlorophyll a content should not be used
as an indicator of food abundance. During similar
conditions, the particle size distribution is a far better
indicator of food availability.
The removal of large particles and the consequential
food quality increase could be beneﬁcial for non-selec-
tive ﬁlter feeders that can utilize the smaller particles.
This has previously been shown in freshwater ecosys-
tems, where copepod grazing positively aﬀected Daphnia
growth (Becker et al. 2004). In marine systems this non-
selective feeding could be played by ciliates, appendi-
cularians (Bedo et al. 1993), or by cladocerans. For
example Podon sp. can ingest small centric diatoms
(from 4 lm) such as Skeletonema costatum (Kim et al.
1989). On the other hand, calanoid copepods have been
suggested to suppress appendicularian eggs and juveniles
(F. Sommer et al. 2003; Lopez-Urrutia et al. 2004). This
type of suppression could also be the case for marine
cladocerans, and has been shown for ciliates (Zo¨llner
et al. 2003). Thus, the eventual food beneﬁts caused by
calanoid copepod grazing are most likely unused when
the predation pressure on earlier stages of the organisms
that could use these resources is high. Nevertheless, this
suggests that when copepods decrease in numbers, thus
lowering the suppression of the earlier life stages of those
organisms that could consume the smaller algal cells,
there is a high density of high quality food available for
the opportunistic grazer to utilise.
Since we could not detect a relationship between par-
ticulate carbon content and the RNA:DNA ratio, we
conclude that, in our mesocosms,C. ﬁnmarchicus (at high
copepod densities) were food limited by the low abun-
dance of favourable sized food particles. The size distri-
butiondiﬀerences of the foodoriginated from the selective
feeding behaviour of the copepod grazers. This indicates
that the selective copepods in higher densities were not
only transforming the plankton size distribution, but also
that the selective feeding increased the C. ﬁnmarchicus
competition for food particles. Thus, we suggest that
selective feeding indirectly resulted in lower RNA:DNA
ratios in C. ﬁnmarchicus. The copepod densities in the
Hopava˚gen fjord are of the same order of magnitude as
the highest copepod density we used in the mesocosm
experiments. Therefore, we suggest that the changes in the
plankton community and the resulting eﬀects on the
plankton grazer are of ecological relevance.
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